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EXPLOSIBILITY OF GASES FROM MINE FIRES. 


By Greorce A. Burret and Grorce G. OBERFELL. 


INTRODUCTION. 


This report presents the results of observations of gases produced 
during mine fires, and the liability of such gases to explode. The 
first part deals with a fire that resulted in an explosion. Informa- 
tion obtained regarding the gases that caused the explosion allowed 
some conclusions to be reached regarding the parts played by the 
combustible gases produced by the fire and regarding the methane 
that was normally given off by the coal seam. The report is pub- 
lished by the Bureau of Mines in the hope that the information pre- 
sented will make for greater safety in coal mining. 

Only those facts are reported herein that have a distinct bearing 
on the study of the gases produced during the fire investigated. 
No attempt is made to describe in detail the fighting of the fire or all of 
the expedients that were adopted in quenching it. 


BRIEF DATA REGARDING MINE FIRE AND EXPLOSION INVESTI- 
GATED. 


A mine fire was discovered in a certain drift coal mine early in the 
afternoon of a working day. The miners were immediately notified 
and left the mine in safety. Two and one-half hours later a party 
of 12 men entered the mine to discover the location of the fire. 
While the men were in the mine the ventilating fan was reversed. 
About one-half hour after the entrance of the men into the mine an 
explosion happened, three of the men being severely burned. Seem- 
ingly, the explosion happened shortly after the fan had been reversed. 

It is believed that the fire started in a cut-through to an old room, 
probably being due to the accidental lighting of brattice cloth by a 
miner’s lamp. 

The cover over the mine varies from 150 to 300 or 400 feet. There 
were many openings to the surface in the mine, making exclusion of 
outside air difficult during the quenching of the fire. 

Figure 1 shows a plan of the mine, the point where the fire started, 
the location of one of the fans, and other details of interest. 


COLLECTION AND ANALYSIS OF GAS SAMPLES. 


No samples of mine gas were collected prior to or before the explo- 
sion occurred. The first gas sample, obtained about 24 hours after 
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DATA REGARDING MINE FIRE AND EXPLOSION. 7 


the explosion, was taken in the return air 20 feet inby the fan. 
Just prior to the collection of the sample the fan had been started. 
The results of analysis of the sample (laboratory No. 3369) follows: 
Results of analysis of mine-gas sample taken 24 hours after explosion. 
[Analyst, G. G. Oberfell.] 


Per cent. 

Carbon dioxide (CO2)........22..22.... cece ee eee eee e cece ceceee 3. 00 
OxyRen (O2) c25.ie sic so Be ake igus Seaasbecisecetsstidiodaraces 16. 51 
Carbon monoxide (CO).......-.....- 2.222 e eee e cee eee eee eee . 33 
Methane:(OHy)s <oscsadssoses shuts castors sen 2eO poe ant bee aes . 84 
Nitrogen (N9) 2.2 22 assed vadeey ecascdevan cas eie ted lerdaseane 79. 32 
100. 00 


The afterdamp and black damp that had accumulated as a result 
of the fire and explosion are shown. Another sample (laboratory 
No. 3371) was collected at the same place 24 hours later or two days 
following the explosion. The atmosphere was then much better, as 
the results of analysis given below, show. 


Results of analysis of mine-gas sample taken 48 hours after explosion. 
[Analyst, G. G. Oberfell.] 


Per cent. 

Carbon dioxide (CO 4) ccsscscs ance ied tase ecsicawae eetes vaeecatexs 0. 55 
Oxygen (Oy) essa oes ws acca seizs hott ioese eh ceseenes adetioseng 19. 77 
Carbon monoxide (CO)..........-..2- 22. . eee ee eee eee eee eens . 00 
Methane (OY). 2 ..s0cecessce2s cszcgscascetaie cana scraavassnnes .47 
Nitrogen) (N 3) i332 o.5c5-2 stastetaictte nese apulnels ces adeeassees goes e 79. 21 
100. 00 


A third sample was collected on the same day, a few feet inby 
No. 5 right entry. The air was still in there. Brattices had been 
put in place and much work accomplished in sealing off and con- 
fining the fire to as small an area as possible. The results of an analysis 
of this sample (laboratory No. 3360) follow: 


Results of analysis of mine-gas sample taken two days after exolosion when some sealing 
off had been done. 


[Analyst, G. G. Oberfell.] 


Per cent. 

Carbon dioxide (COg) 2... ecsicars sckismrestew diag sare sole eis aya ararece 1.10 
Oxyrent (05) 2352-232 icsscas sodtes pea beeper recs eseessaaeseates 18. 59 
Carbon monoxide (CO): 2. 5ccctevcsgensdsasevecceteeeseanseane 14 
Methane'(CH)) 2232326 scaacs oa tele s gaccca tesa ted tates access 41 
INI GEOR ENON DOSE ooh Se Sek ae! den A st tia shoe 8 Se arte fe 79. 76 
100. 00 


The foregoing results of analyses are interesting as showing some- 
thing about the composition of the atmosphere in the mine shortly 
after the fire had been discovered. No samples were collected in 
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or close to the fire because no one could approach it. Hence the 
results given represent fire gases largely diluted with fresh air from 
other parts of the mine. 

Finally the area wherein the fire was confined was entirely brat- 
ticed off as shown in the figure, and the problem resolved itself into 
waiting until the fire should become quenched through lack of air. 


GAS SAMPLES COLLECTED THROUGH BORE HOLE, 


A bore hole was sunk at the point shown in the figure. This was 
completed about 10 days after the explosion and was sunk to procure 
gas samples from the fire area and to take temperature readings. 
Pipes were placed in several of the stoppings on the main haulageway 
and at one of the drift entrances to the sealed area of the mine. 
From these various openings gas samples were collected at intervals 
during a period extending over several months. The bore hole 
pierced the mine workings at a point close to where the fire originated. 

The results of analyses of the samples collected from the various 
openings follow: 


Results of anclyses of mine-gas samples taken subsequent to an explosion. 


[Analyst, G. G. Oberfell.] 


Results of analysis. 


Labora- ‘ Date of 
tory No. Source of samples. sampling. 

CO.. Oo co. CH. Ne. 

3418 |] Behind No. 40 stopping, Per ct. Per ct. Per ct. Per ct. Perct 
at main haulageway. Mar. 21; 1913a 4.8 11.8 0.2 0.8 82.4 
3423 |..... dOsiecasepacetetawtadlisoss do.b...... 4.8 11.8 2 ys 82.5 
3454 ]..... OS F255 Sette the sees Mar. 33, 1913 5.4 9.3 02 1.3 83.8 
3455 |.....' UOnss aesaessesaawesed [cate do.....-- 5.2 9.6 2 1.3 83.7 
3488 |... do 5, 1913¢ 3.5 12.6 2 1.0 82.7 
3540]. ..+ 5 Oc caheney eg cave ccivbaleweseensc haere 3.5 12.5 2 1.2 82.6 
3565 | Behinc - 20,1913 2.2 15.4 2 a i 81.5 
Bore hole 13; 1913 6.7 6.3 3.3 84.7 
May 16,1913 6.4 5.4 3.6 84.6 
-| May 19, 1913 6.6 5.2 ai 3.5 84.7 
eseeeee--] June 20,1913 7.5 6.2 Ss 2.2 84.1 
EAS Sept. 6,1913 5.3 6.2 S 4.3 84.2 
Se vauttenige's saaindl teers AO ic5a-4 3.7 11.9 3 2.4 82.0 
4125 | Behind No. 61 stopping...| Sept. 11,1913 3.0 12.1 = 2.8 82.1 
4127 | Behind No. 40 stopping...]..... WOsceases 3.7 11.3 FY 2.3 82.7 
4131 | Behind No. 61 stopping...}] Sept. 13 1913 3.4 11.2 4 2.9 82.5 
4133')|| Bore DOs o.03 5244 ee de sses [eens BO iviste Scere 5.2 7.1 | 3.8 83.9 
4151 |..... Destssepetica se reac see Sept. 19,1913 5.3 6.9 4.0 83.8 

42.30 p.m. 63.00 p.m. ¢9.20 p. m. 


On June 7, 1913, an attempt was made to reopen the mine, or at 
least to determine definitely whether the introduction of fresh air 
would make conditions worse. Air was forced into the workings. 
At the same time samples of air were collected at the bore hole and 
at one of the drift mouths. Samples were taken regularly at both 
places to observe the change in the mine atmosphere with the intro- 
duction of fresh air. 
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Results of analyses of mine-gas samples taken subsequent to an explosion and immediately 
Sollowing introduction of fresh air. 


[Analyst, G. G. Oberfell.] 


[Asterisk (*) following number of sample indicates that sample was taken at drift mouth; other samples 
taken from bore holey 


Results of analysis. 


ete 
SSSR SSSSennne Sennen ysssnensggo eS 


SONUSBRYOVOR OOD ke ROONNNIOCUNMNI0WOCNK aD 


Less than 0.2. 


PAPE EE EERE ATO MANA BIOMANANIMRADS 


DDPDPNPPNNNNNANW WO 9909 0909 99 09 CO 09 09 69 69 Go G0 9 68 G9 Go 09 
CNH SCCOSMSABDBNMOA BOOSCMVHSCSOSA1NCSaS+*CHee 
Difference 


cogosspenper Eis EEESSS os coe mame, 
SSSs8osSaqusn 


tat tet pe 


a Sample taken to determine conditions in the mine if possible; air had not been forced in previous to 
taking the sample. The mine had been sealed as far as possible for several weeks. 

> Sample taken about two weeks after samples 1 and 2 had been taken and prior to forcing air into the 
area. It was believed that the fire had been smothered. 

¢ Sample taken after air had been forced into the mine for about 15 minutes. 

A sample was also collected in the main haulageway, behind a 

brick brattice, which had been previously built to seal off the mine. 
It was taken at 6.20 a. m. June 8, 1913. The results of analysis of 


the sample follow: 


Results of analysis of mine-gas sample taken behind a brick brattice in the main haulagewuy. 


ETI OT Crt nee REPL ere L ey tran aes Pee, 3,2 
7 CARRERE RE ORS ASL AI DAL SAILS 19 F NSAC EROS UML SZ LO NALS 16.8 
risa sc exeeunainke sh Sha Gnicee eed andv lapulacaeusveisncnciaets 0 
Gig ocanducnctaraas boatnhe Gaieeakeeeedeen sherk aude aebtina sts 1.4 
Ware ts o6 tects Pek crane pas dsenas ins saasan alent seated en 78.6 

100. 0 


About the time samples 29 and 30 were taken an exploration was 
made into the mine to determine, if possible, by actual observation 
the effect the incoming air was having on the fire area. The oxygen 

9383°—16——2 
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content by this time had gradually increased until, as shown by the 
analyses, it had reached about 11 or 13 per cent. It was thought 
that with this percentage of oxygen present fanning of the fire, if the 
coal, embers, etc., were sufficiently hot, would take place. Smoke 
was discovered and evidence obtained that the fire was increasing in 
intensity. In other words, the reopening of the area had been pre- 
mature. Consequently the mine-fire area was sealed again. 


GASES RESPONSIBLE FOR THE EXPLOSION. 


A study of the analyses compels the conclusion that the combus- 
tible gases produced by the fire were largely responsible for the 
explosion. Of the many samples collected in this mine by the 
bureau’s representatives, following the fire, not one contained an 
explosive proportion of methane. The examination of the gases 
produced in the mine extended over a period of several months. 
The highest proportion of methane ever discovered was 4.34 per cent. 
The sample containing that percentage was collected several months 
after the fire started. At no time was it possible to get a gas sample 
directly over the seat of the fire. The samples were collected at 
other accessible places, and, as far as the combustible gas was con- 
cerned, represented that given off normally by the mine. Most of 
the time, of course, the fan was shut down; hence the methane con- 
tent represents that which accumulates normally in the mine when 
air is not introduced to remove it. Only traces of carbon monoxide 
were found in the sample examined, it is true, but it should be noted 
that carbon monoxide with any hydrogen or methane formed by the 
fire would have been produced at the fire—a small place compared 
with the entire area sealed. Hence the carbon monoxide would have 
been largely diluted with air from this area, especially at remote points 
and subsequent to the discovery of the fire. 

Regarding the cause of the explosion, the fire had of course been 
increasing in intensity from the time it had been discovered up to 
the time the explosion occurred, about 24 hours, subsequently. 
The fan had been operating all this time, and air was being forced 
through the fire area—not much probably because the fire occurred 
near a working face where the air current was still. There was enough, 
however, so that fresh air was being driven into the area from one 
side and reacting with coal and probably some wood while the prod- 
ucts of combustion were being removed from the other side of the 
fire area. With the reversal of the fan there was, of course, no 
sudden and complete reversal of the air current, but a gradual change 
of the movement of the air. For a short time after the reversal of the 
fan most of the air would still continue in its original direction. 
The movement in this direction would diminish, however, until finally 
all the air would be driven in the opposite direction. Just how long 
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a time would be required for the complete reversal in any given mine 
would be problematical. There would be countless eddies formed as 
one current met another. The effect on the gases produced by the fire 
would be a dilution of them with the fresh air and a sweeping back 
of the mixture into the fire area. The amount swept back would at 
first be small, but would keep growing larger until a mixture would be 
obtained that contained an explosive proportion of fire gas. If the 
temperature at any place in the area were hot enough to ignite this 
mixture, an explosion would result. This is what probably happened 
in the case of the fire explosion mentioned. 


AIR MOVEMENTS AS FACTORS IN EXPLOSIONS. 


Although the sudden reversal of the fan probably precipitated the 
explosion, yet many explosions following mine fires happen in mines 
where the ventilation is entirely shut off as far as the fan is concerned. 
Anything that would cause a movement of the air and thus force 
explosive gaseous mixtures over a fire area would produce the same 
result. A fall of rock could sweep gases to a point of ignition. Also, 
simple diffusion, eddies, and convection currents in a mine where the 
air was otherwise still could mix explosive gas with air and bring the 
mixture in contact with flame or with embers hot enough to ignite 
them. 


EXPLOSIBILITY OF GASES THAT MAY BE PRODUCED BY MINE 
FIRES. 


It is interesting to consider the explosibility of those gases that may 
enter into mine-fire explosions. Those that play a significant réle 
are undoubtedly methane, hydrogen, and carbon monoxide. Unsat- 
urated hydrocarbons, such as ethylene, are also produced, but, it is 
believed, in such small proportions as to be negligible in a considera- 
tion of the important gases. The same can be said of ethane. Meth- 
ane can come from pores and pockets in the coal, at ordinary tem- 
peratures, and can be produced by heat reactions. Hydrogen and 
carbon monoxide are not found normally in coal mines; hence their 
presence in the gases of mines that are on fire is due to the destructive 
distillation of the coal or wood, the action of carbon dioxide and hot 
coal or wood, and the action of steam on hot carbon. 


CHARACTERISTICS OF METHANE, HYDROGEN, AND CARBON MONOXIDE, 


In explosive characteristics, these three gases, methane, hydrogen, 
and carbon monoxide, differ considerably. Both hydrogen and car- 
bon monoxide when mixed with air ignite at lower temperatures than 
does methane, and have much wider explosive ranges, although their 
lower limits of explosibility are higher than the low limit for methane. 
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This is shown in the following table: 


High and low explosive limits of three gases.@ 


Ignition 
Gas. Low limit.) High limit.2] tempera- 
ture. 
= 4 
Percent. | Percent. *OS 

MGIhane Decesiceodesenien race so seness 5.5 14.00 | 650 to 750 
Carbon monoxide (moist) . 15,00 73.00 651 
INVOPORON. Jicsctacecssk:bousscssauses 10. 00 66, 00 585 


@ Determined by the authors. 

> Dixon, H. B., and Coward, F. H., Ignition temperature of gases: Chem. News, vol. 99, 1909, p. 139. 

These results mean that when, in a mixture of air and methane, 
there is present 5.5 to 14 per cent of methane flame will travel entirely 
through the mixture when it is ignited at one point. Similarly, flame 
will travel through mixtures of hydrogen or carbon monoxide and air, 
but the limits are higher. With appreciably less and greater pro- 
portions than the percentages given above, pronounced flashes would 
occur upon ignition, with the development of considerable pressure, 
but such mixtures could not propagate flame indefinitely. 

As far as the low limit is concerned, methane is the most dangerous 
because a smaller proportion of gas is needed to form an explosive 
mixture than in mixtures of hydrogen or carbon monoxide and air. 
Hydrogen and carbon monoxide are more dangerous because their 
explosive ranges are so much wider. 

As regards the combustible gases present in a coal mine, mixtures 
of all of them in varying proportions are found. In a gaseous mine 
that normally produces a large amount of methane, the methane 
would predominate in any part sealed because of a mine fire, for the 
methane would be accumulating in all parts of the mine, whereas the 
carbon monoxide and hydrogen would be chiefly concentrated in 
close proximity to the fire area. In addition some methane could 
be produced by the fire reactions. 


EXPERIMENTS TO DETERMINE EXPLOSIBILITY OF CARBON MONOXIDE, 
METHANE, AND AIR. 


As regards a fire in a nongascous mine, as in the mine fire described 
above, only small quantities of methane would accumulate from the 
coal at ordinary temperatures; the quantities of carbon monoxide 
and hydrogen would be large or small according to the fire reactions, 
At any rate, in mine fire investigations one is largely concerned with 
mixtures of the three gases and air, hence some experiments were 
made by the author having to do with the explosibility of mixtures 
of carbon monoxide, methane, and air. The experiments were con- 
ducted in a Hempel explosion pipette, a small spark being used as 
the source of ignition. The results follow. 
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Results of experiments to determine explosive limits of mixtures of carbon monoxide, 
methane, and air. 


Mixture. 

Low High 
limit. limit. 
co. CH. 


Per cent.| Per cent.| Per cent. | Per cent. 
20 80 6.94 15. 89 


40 60 7.31 18. 26 
50 50 8.15 18, 66 
60 40 9. 59 21,18 
80 20 10. 69 30.17 | 
90 10 12, 20 41,45 


In further tests having to do with the explosibility of mixtures of 
methane, carbon monoxide, and air, enough carbon monoxide was 
added to prepared nonexplosive mixtures of methane and air to 
make the resultant mixture explosive. The results follow. 


Results of experiments to determine inflammability of special mixtures of carbon monoxide, 
methane, and avr. 


Carbon | 


Methane. od Effect of spark. | Methane, | monox- Effect of spark. 


Per cent, | Per cent. | Per cent. | Per cent. 
4,25 2. 92 No inflammation. 3.11 6. 06 No inflammation. 
3.92 4.22 Do. 3.18 6.23 | 0. 
3.94 4.52 SHER inflammation. 2.95 6.47 | sane inflammation. 
3. 87 4. 60 0. 2.99 6.18 | 0. 
3. 65 | 4.98 Do. 3.12 6. 92 | Do. 
| 


It will be seen that as the amount of methane is decreased the carbon 
monoxide must be increased by an amount that brings the total 
combustible gases to a proportion greater than 5.50, the low limit 
for methane. This conclusion necessarily follows from the low 
limits of complete inflammation of the two gases. When about 4 per 
cent of methane is present there is needed about 4.50 per cent of 
carbon monoxide to produce an explosion. When about 3 per cent 
of methane is present there is needed about 6.50 per cent of carbon 
monoxide to produce an explosion. 

The explosive properties of mixtures of hydrogen, methane, and 
air would be somewhat similar. 


PRODUCTION OF COMBUSTIBLE GASES DURING MINE FIRES. 


In a fire above ground, combustion may be complete, because 
sufficient air can be supplied to the burning material to permit the 
formation of carbon dioxide and water as the principal products of 
combustion. However, a mine fire is usually quickly covered with 
fallen coal, slate, timber, etc., and the oxygen content of the mine 
atmosphere is more or less rapidly diminished, and does not have 
ready access to the burning fuel. As a consequence, combustion 
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soon becomes incomplete, and intermediate products of combustion, 
such as carbon monoxide, are formed. The character and quantity 
of the gases produced differ according to the stage of the fire, from 
the time it is first noticed, through the fighting of it, and up to and 
through the time it is sealed if sealing becomes necessary. 

The changes that take place may be studied by comparing mine- 
fire combustion processes with changes that coal undergoes and the 
gases that are given off when the coal is subjected to different com- 
bustion processes above ground. Such studies have to do with the 
destructive distillation of coal in retorts, as in making illuminating gas, 
the manufacture of coke in coke ovens, the production of producer gas, 
and the burning of coal in boiler furnaces. Chemical reactions may 
occur in mine fires that are related to the reactions that take place 
during any of the above well-known processes, from that of complete 
combustion, as in properly fired boiler plants, to destructive distilla- 
tion, as in gas-house retorts, where practically no oxygen enters into 
reaction except that from the coal. 


GASES FROM THE DESTRUCTIVE DISTILLATION OF COAL. 


In the destructive distillation of coal the coal is placed in retorts, 
from which air is almost entirely excluded. The purified and en- 
riched coal gas that is made for domestic use in the city of Pitts- 
burgh may be taken as an example of gas made by the retort process. 
It has the following composition, according to analyses made by the 


author: 
Composition of gas used by the city of Pittsburgh, Pa.a 


Gu haaatesgdooceedi ues azaalehsecioaansesevcseteasevecsenee 2.33 
UT WMINEGN tS Ses ance ea sen wel eeatmice dam weerelte seasuesieess 8. 68 
RAS IR 22, 3. 5s xen cran Sndaeemcnceecons sniad cation eRe Sees 44 
CO os ieiaicesS eb bbs oe apd ididetd. aoe a ddne kvl pee bis eOelpeg hie 11. 38 
CTLasccahs baa s4ks Sev R Gad Daly Reese a RAKE REPELS NI DAES CERES TEES 34. 99 
iterate Soa cittaaoa aataar ir saaaaes ost ave Ere Aes 1.13 
BI ue td NFS iran lonlia ial nk datal Deed dT ao Oe 35. 76 
ING. se cvcck a acanttre weapon woe Bae fe peead teutiod is eseeeeeuaataata 5. 29 

100. 00 


The unpurified gas probably contains about 1.5 per cent of ammo- 
nia, hydrogen sulphide, and sulphur dioxide. Oxygen for the forma- 
tion of CO and CO, comes from the coal. 

EXPERIMENTS OF BURGESS AND WHEELER, 

Burgess and Wheeler? found that coal from the Altoft Silkstone 
seam (England) when destructively distilled evolved gas of the 
composition noted below. The coal was heated in a retort at a tem- 
perature of 450° to 1,100° C. 


@ Analysis made by the authors. 
> Burgess, M. J., and Wheeler, R. V., The volatile constituents in coal: Jour. Chem. Soc,. 1910, vol. 97, 
pt. 2, pp. 1917-1955. 
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Composition of gas evolved from coal from Altoft Silkstone seam. 


Constituent Per cent. 
Ammonia, benzene, acetylene, ethylene........ pesasne'sies 14.15 to 4.85 
Oarbow dioxide’ ccs seas vs sais Gaus slsien iso 3 sige'ee cis on ed's wists 10.95 to 1.70 
Carbon monoxide. ...............--..2-22--2--0eee eee 8.75 to 15. 85 
Hydrovenso:Ssisea53 ccs cccadccsisacaesisecaeachina ges 7. 00 to 56. 65 
Mothaneieiis iss ccenctanes Faatkbaknwccdc eee becseser 25. 00 to 17. 60 
Bthan6sc- scaccc5 a5 co Basra ehes ss eOasetesecotberseee 34.10 to 3.40 


Burgess and Wheeler? also heated coal from Abertillery, South 
Wales, at temperatures ranging from 600° to 1,100° C. They ob- 
tained gas of the following composition: 


Composition of gas from coal from Abertillery, South Wales. 


Constituent. Per cent. 
Ammonia, benzene, acetylene, ethylene................. 7.75 to 4.30 
Carbon: dioxide: 2c. sccc esas ccicdsedes eenssassaseeceoes 3.95 to 1.40 
Carbon monoxide......................-2+-+-2-+-------- 4.70013. 00 
Hy Grogei 22252 6hios ese ft cocoa bie sems don canes scenes 8. 00 to 60. 70 
Methane: 222222210226. le ce seis Akos seh ok seabeienlek ests 64. 50 to 18. 80 
Bthaneywos ss $2 aacigs stants eaterscee minatatevath ln fulac a alwccmce esate 11.05 to 1.80 


Coal from Penrhycyber, South Wales, distilled at temperatures 
ranging from 500° to 1,100° C., yielded gases in the following pro- 
portions: ? 


Composition of gas from coal from Penrhyeyber, South Wales. 


Constituent. : 

Ammonia, hydrogen sulphide, benzene, acetylene, ethy- Per cent. 

TONG Sass os 3cceeks.5.5555 30s TRS DAT AOR ESOT SS FOS SOS Tae 7.55 to 1.15 
Carbon dioxide.) oct. os ese osSuG a taes.cdaeeceeaten 6.85 to .20 
Carbon monoxide... co iedaseievis hemaddics nas cia olelna dios 4. 60 to 11. 10 
HY GPOpenl: <0. 3s ccnce sce cedavnsccsegt eves ines ebsereesq> dO. 2072, 00 
Mothahevicsessccscbearsesiscoosascckisesacegassnebees 51. 50 to 12. 85 
GDANG .25..ce cat d225 Seda tise ders co cacetees ca eane esas 13.70 to 1.80 


DISCUSSION OF RESULTS OBTAINED BY BURGESS AND WHEELER. 


As far as these results concern the present investigation the salient 
details are as follows: With rise in temperature, the carbon monoxide 
increases from about 4.60 to 8.75, the methane decreases from 64.50 
to 12.85, the hydrogen increases from 7.0 to 72.90, the carbon dioxide 
decreases from 10.95 to 0.20, and the so-called illuminants decrease 
from about 14.15 to 1.00. 

It will be observed that at the lower temperatures carbon monoxide 
and hydrogen may be produced in proportions nearly alike and in 
large and explosive proportions but that the tendency is for the 
carbon monoxide to be subordinate to the hydrogen. At high tem- 
peratures this tendency is still more noticeable. In mine fires when 


o Burgess, M. J.,and Wheeler, R. V., Op. cit., pp. 1917-1935. 
b Burgess, M. J., and Wheeler, R. V., Loc. cit. 
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conditions have reached the point where an explosion might occur, 
that is, after the fire has burned for some time, temperatures will 
probably have reached their maximum and have started to fall, 
owing principally to lowering of the oxygen content, and to incom- 
bustible material, such as slate from the roof, falling on the fire. 
Hence the products of combustion that distill at low temperatures 
may also be of importance. However, when the fire has once reached 
a high temperature it may cool slowly for usually it will be well 
insulated. While the fire is cooling products of combustion from the 
previous high temperature will still be present. 

As regards low-temperature distillation, the results of the dis- 
tillations presented above show that the carbon monoxide evolved 
did not reach the explosive proportion; the proportions that Burgess 
and Wheeler found were 4.70 to 8.75 per cent. The low limit of 
complete inflammation for carbon monoxide in air is close to 15 per 
cent. As regards hydrogen, Burgess and Wheeler’s results show that 
in destructive distillations at low temperature enough of this con- 
stituent may be present to form an explosive proportion. In one 
case they found a proportion of 15.70 per cent. It must be con- 
sidered, however, that these products of combustion were produced 
in the absence of air. Hence a strictly analogous process could not 
take place in a mine-fire area because air would not be entirely 
excluded. With an accidental inrush of air, the percentage of inflam- 
mable constituents would be lowered below an explosive proportion. 
Therefore, it can be stated that if the destructive-distillation pro- 
cesses at low temperature within a mine were analogous to the experi- 
ments conducted by Burgess and Wheeler on a laboratory scale, an 
explosion due to the formation of hydrogen and carbon monoxide 
would not be as likely to happen as in high-temperature distillation. 

With methane the case is different. At temperature of 500° C. 
Burgess and Wheeler found 51.50 per cent in the evolved gases.* 
This followed of course complete exclusion of air, a condition difficult 
to obtain in the early stages of a mine fire. But if air were excluded 
and the temperature rose to 500° C. there could be produced enough 
methane so that even with a large subsequent dilution by air an 
explosive mixture could result. 


EXPERIMENTS OF PORTER AND OVITZ. 


Porter and Ovitz? distilled a coal from Ziegler, Ill., at temperatures 
ranging from 390° to 1026° C. and obtained gas of the following 
composition: 


a Burgess, M. J.,and Wheeler, R. V., Loc. cit. 
> Porter, H. C., and Ovitz, F. K., The volatile matter of coal: Bull. 1, Bureau of Mines, 1910, pp. 47-48. 
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Composition of gas from coul from Ziegler, Til. 


Constituent. Per cent. 
Carbon dioxid@?. jeccses oc ececine ca tesadey Gea neensseeaes's 7.5to 1.6 
Wihniniantsysvs bons hows gst Saab hoheed heee es obec dew eees 2.0to 3.5 
OXY PEN! scrdssasea (ee eas see Fe MS Risa aledset yeas sseeaaae 18to .3 
Carbon‘ Mouoxides < sosmetshess.s5q6sesac dus sicshackinos eS 4.8 to 14.0 
Paraffin hydrocarbons........--....---.222eeee eee eee eens 11.3 to 16.9 
HV drOGOtiwc ics ascaencaceopdsine ves sudesrta'cadsmedeccpiwtess 0 to 51.2 
Nitrogen: 2.55 .25eesi< ces eeacedes cde dele eyeeuea gen wesc 72.6 to 12.5 


A coal from Connellsville, Pa., gave the following results with 
distillation temperatures of 390° to 1008° C.: 


Composition of gas from coal from Connellsville, Pa. 


Constituent. Per cent. 
Carbon di0xid6 jci.52 -2seag a2 Sets 4 sks eeateeelaeess Bk 3.8 to 1.0 
Mluminan tes csos5 sre easacsesesadteiedi aha oiedarnese 18to 4.6 
Oxypelit sscescctndsssadessqnsashssesseatrassocaac ese geet 3.lto .3 
Carbon monoxide st... 555 cscce ees cncslenesiecies sess cgieines 1.8to 6.6 
Paraffin hydrocarbons: « . . 21:04. .scc02 ce ce cede peices cacicon 9.5 to 23.9 
Hy Grogence. soc sccg os by Vote abes eee ies use séaee ee -0 to 54.8 
Nitrogen :5 occ AS ascwccs dd cere cie landed ccd Jes stg mecca 8.0to 8.8 


Pocohontas coal gave the following results at temperatures of 612° 
to 920° C.: 


Composition of gas from Pocohontas coal. 


Constituent. Per cent, 
Carbon‘ dioxid62:.c205 2c fese te Paseecebsck sa gebedadce 1.0to 0.4 
Wumiinantes.:.i20 5c2260006 652052 esineadeicjesu SS ee eT TS 2.8 to 3.4 
OxYgervsctos teste: Sec cajiass stones tae se ne eRe Tse 4to .4 
Carbon: Monoxide sic \occ nc osios owe ciecrcineds sidiphesigcisineies 4.2to 4.2 
Paraffin hydrocarbons.........-.-2-.- 2022-022 eee ee eee eee 45. 0 to 24.5 
Mydropetsss22csznesidesectisanancaets setaGiteesser Seekers 27.5 to 59.0 
NItfOReN. das sist esense de Roa sials oss avasee cies sas taiea ss 19.1to 8.1 


These analyses show that with rise in temperature the carbon 
dioxide decreases from 7.5 to 0.4 per cent, the carbon monoxide in- 
creases from 1.8 to 14 per cent, the paraffin hydrocarbons range 
from 9.5 to 24.5 per cent, and the hydrogen increases from 0 to 59 
per cent. These changes agree essentially with the results obtained 
by Burgess and Wheeler. Porter and Ovitz did not make a separa- 
tion of the paraffin hydrocarbons into methane and ethane. 
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RESULTS OBTAINED BY PARR AND OLIN. 


Parr and Olin® show the average results obtained from coal dis- 
tilled at an average temperature of 400° C., as follows: 


Results of analysis of gas from coal distilled at 400° C. 


Constituent. Per cent. 
TB ecctads se wedastacsapesewgt ners s seeudayasarcgsesae Jogenacese 3.2 
OO sssscevesmeceiadeecddiasvedacss nazesateaseaietatenessdade sa 5.7 
TWlumingnts:+s2225.050063 sess. catea. os oon eae shaw eear dees scan se 8.3 
COGss 3225.5 cent em tassns DEES setae erties mbes ecibreeednic ees 5.2 
ok Fa. Sornc hea Pak Ceieetoe ew Sables alan te ppSAWe Rees re Gancrioeee te 5.0 
Og oige Ses a Sb Beate Sci eae Sood 2 FBT Tew Bae 2a REE SERS TS REE 14.4 
OF sd sos sosew oss 22526 Go as oka SOO Fas 2a oe awed ees Less 51.4 
Ngo Sasgccawestses soz aes ewinted vane e ESE et EleG sees beet aes & 5.7 


EXPERIMENTS OF PARR AND FRANCIS, 


Parr and Francis? heated Carterville, Ill., coal in a retort in an 
atmosphere of nitrogen, and collected and analyzed the gases given 
off. The following table shows the results of their experiments. 
The analytical results represent averages of analyses of samples col- 
lected at different periods of distillation. 


Results of distillation of coal in an atmosphere of nitrogen. 


Test No. 
Item. , 
6 7 8 
Temperature, °C 339 369 381 
Period of observation, hours.................... 6 3 6 
Carbon dioxide and hydrogen sulphide, per cent 21.85 17.33 12.58 
Tiluminants, per cent. .............-..-2. eee e eee 8. 67 9.54 10.48 
Oxygen, per cent 33 2 0 0 0 
‘Carbon MONOXIde) PEF. OGM bis. case. cies essesccawhes pecs especenasaesigneae 8.42 7. 66 6.96 
Mothane, Per Cents: campacavsuasiclvayelectes yoo ¥shincuavisletaacilacgh.nodegen aye 2.52 32. 66 28.07 
Hydrogen, Her. Cans sc cce occ wtasectue dnidas ede caes nad acanssedecesckases veins 1.99 2.37 2.07 
Nitrogen’) percent. < .f5.c..a5carssoctscan Sees eoeic GMO ebenes toh oe derccastees 56.44 29. 97 39.50 
Volume of gas evolved, liters. ... 2... 0.20 e cece cee cence cca c eee tececences 47 50 45 


Parr and Francis“ also distilled the same coal in a retort in an 
atmosphere of oxygen. 

The composition of the gas evolved, obtained by averaging analyses 
of samples collected at different periods during the distillation, is 
shown as follows: 

a Parr, 8S. W., and Olin, H. L., The coking of coal at low temperatures: Univ. of Ill. Eng. Exp. Station 
Bull. 60, 1912, p. 9. 
> Parr,S. W.,and Francis, C. K., The modification of Illinois coal by low-temperature distillation: Univ. 


of Ill. Eng. Exp. Station Bull, 24, 1908, p. 24. 
¢ Parr, S. W., and Francis, C. K., Op. cit., p. 29. 
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Results of distillation of coal in an atmosphere of oxygen. 


Item. 


Average temperature, ° 279 375 
Period of observation, hours 4 3 
Carbon dioxide and hydrogen sulphide, per cent . 5.25 13. 84 
Dluminants, per cent... .....0...cesseeeecseceess -00 4.24 
Oxygen, per cent............ 13. 80 7. 68 
Carbon monoxide, per cent 2. 50 6. 64 
Methane, per cent........ 7.20 15. 16 
Hydrogen, per cent.... .00 - 00 
Nitrogen, per cent........... Seed 71. 25 52. 44 
Volume of gas evolved, liters... 2.2.2.2... 0.2.22 cece cece e eee eee 12 45 


RESULTS OBTAINED BY WHITE AND BARKER. 


White and Barker @ subjected 17 coals from 10 States to destruc- 
tive distillation at temperatures ranging from 1,140° to 1,820° F. 
(588° to 994° C.), and obtained the following results: 


Results of analyses of gases evolved by destructive distillation of 17 coals from 10 States. 


Constituent. Per cent. 
Carbon dioxide; .cas2sseet¥ es wasuh vecsass yousestesceecs 1.1 to 7.6 
TMlwmitian tess 2s see bs eens S240355008). Sad ceatew thes 3.0 to 6.1 
ORY PON csse nos ccmrssee shears SSeS eRe R Ss tose eesesess 2to 1.1 
Carhon Monorid6 23,2 .ise.sgence esas ts cere easota tsa teu 4.9 to 14.4 
Methane: cccolcs tpi cne Ses ab bis cases RRR ssn Oe EOS 29.0 to 37.9 
Hyde: sco scsiecsccsessss ces ncesesseeseisacaarencase 40.2 to 55.8 
Nitrogen: 2:4 s-s:edsasce scene ich Mase cuew ete d4cb ae seeecut 1.8 to 6.6 


RESULTS OBTAINED BY OTHER INVESTIGATORS. 


Experiments have been performed by other investigators that 
show the character of the gases given off when coal is destructively 
distilled, but enough results have been presented to permit general 
conclusions to be drawn regarding the nature of the gases evolved. 
It follows that, if gases produced by destructive distillation play an 
important part in explosions following mine fires, the part played by 
the carbon monoxide is much subordinate to the part played by 
hydrogen and the paraffin hydrocarbons, of which methane is the 
predominant constituent. At the higher temperatures the carbon 
monoxide would be contributory but much subordinate to the par- 
affins and the hydrogen. At temperatures close to the beginning 
temperature of distillation the methane formed should be the most 
important gas, and hydrogen and carbon monoxide about equally 
contributory. 


@White, A. H., and Barker, Perry, Coals available for the manufacture of illuminating gas: Bull. 6, 
Bureau of Mines, 1911, p. 46. 
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GASES FROM THE DESTRUCTIVE DISTILLATION OF WOOD. 


The purified gases produced by the destructive distillation of wood 
contain a large percentage of carbon dioxide—up to 60 per cent— 
carbon monoxide up to 35 per cent, heavy hydrocarbons up to 10 
per cent, and much smaller quantities of methane and hydrogen than 
are produced from coal. The destructive distillation of coal and 
timber produces also benzol, creosote, and acetic acid. The latter 
two contribute to the characteristic odor that becomes perceptible 
before smoke is noticed and lingers in a mine long after the fire is 
out and smoke has disappeared. Wood begins to distill at a lower 
temperature than coal, probably about 250° or 280° C. The forma- 
tion of carbon monoxide begins at a lower temperature with wood 


than with coal. 
GASES EVOLVED IN THE GAS PRODUCER. 


Temperatures in the gas producer may be considerably higher than 
those in a coal retort in which destructive distillation is taking place. 
Air is introduced into the producer, and coal oxidizes as well as dis- 
tills. The distilled gases come in direct contact with incandescent 
carbon, and several processes take place, as follows: 

1. The distillation of volatile hydrocarbons from the freshly fired 
fuel, at relatively low temperatures. 

2. The combustion of the fuel by its combining with the oxygen 
of the air, forming carbon dioxide. 

3 The formation of carbon monoxide and hydrogen, the essential 
constituents of producer gas, in accordance with the equations: 

CO,+C=2C0 
H,0+C=CO+H, 


The formation of the carbon monoxide depends upon the tem- 
perature, the depth of the hot parts of the fuel, and the rate of 
flow of gas through the bed. Clement and Adams¢ found that at 
temperatures of 1,300° C. and zero velocity practically all of the 
carbon dioxide in contact with incandescent carbon (coke) is con- 
verted into carbon monoxide. When the time of contact was 1 
second they found that 80 per cent of the carbon dioxide was con- 
verted into carbon monoxide. At 600° C. and zero time of contact 
they found that 10 per cent of the carbon dioxide was converted into 
carbon monoxide. 

Clement and Adams also showed the variation in the amount of 
carbon monoxide at the various temperatures. The air was con- 
verted quantitatively to carbon dioxide. The maximum amount of 
carbon monoxide formed when air is used can not exceed 33 per cent. 


sClement, J. K., Adams, L. H., and Haskins, C. N., Essential factors in the formation of producer 
gas: Bull. 7, Bureau of Mines, 1911, p. 16. 
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They found that at a temperature of 600° C. 8 per cent of carbon 
monoxide was formed when the velocity of the carbon dioxide over 
the coke was zero. This value was not determined experimentally, 
but was extrapolated from determined points. Under the same con- 
ditions but at 1,000° C. they found that about 32 per cent of carbon 
monoxide was formed. On the other hand, when the carbon dioxide 
was passed over the coke at the rate of 0.5 foot per second only about 
1 per cent of carbon monoxide was found at 900° C. 

Other constituents in producer gas are carbon dioxide, hydrogen, 
nitrogen, and small quantities of methane. As far as mine fires are 
concerned, methane, which may be formed through reactions similar 
to those that occur in gas producers, may be neglected as insignifi- 
cant. The hydrogen formed is always less than the carbon monox- 
ide. Much producer gas made on a commercial scale has approxi- 
mately the folowing composition: 


Composition of typical producer gas. 


5, | een 6" MORNOUIE SUN SRR MOE HOT RNS Se nena 6 
OR Poscccannbcads ee tapnee Coscia sbgar ces Patch onan qin takexens 25 
Bb as outta gestae se ciate ca dQ oer aad at Ea RoR ansas ei vaksace 12 
rs PCOS. oe Tae, OST OE ens SP IN EE 1 
ioe sdis tia tna baat ean state ve mean aneesea tak eedeaanee 56 


It follows that if combustion reactions during mine fires are similar 
to those that take place in the gas producer, carbon monoxide can 
be produced in quantity sufficient to form with air an explosive 
mixture. 


GASES FROM COMBUSTION PROCESSES IN BOILER FURNACE. 


In boiler furnaces attempt is made to obtain complete combustion 
and a large excess of air is admitted to the fuel bed. The products 
of combustion are almost entirely*CO,, H,O, and O,. Sometimes 
small amounts of CO and traces of methane and hydrogen are formed, 
but effort is made to avoid their formation. The formation of CO in 
the boiler furnace is favored by a heavy fuel bed. The greater the 
supply of air to a given depth of bed the less should be the percentage ° 
of CO formed. In order to burn CO produced in a boiler furnace it 
is necessary that sufficient air be added to the hot gases as they leave 
the top of the fuel bed. 

Porter and Ovitz * quote Constam and Schlipfer as finding in the 
waste gases from boiler furnaces 3.5 per cent of carbon monoxide and 
1.5 per cent of hydrogen. Such percentages of unburned gases are 
of course exceptional where effort is made to obtain high efficiency in 
boiler-furnace operation. Porter and Ovitz® also quote from the 


« Porter, H. C., and Ovitz, F. K., The volatile matter of coal: Bull. 1, Bureau of Mines, 1910, p. & 
> Porter, H. C., and Ovitz, F. K., Op. cit., p. 7. 
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Manchester (England) Smoke Committee some flue-gas analyses show- 
ing in certain tests of hand-fired furnaces 0.25 to 0.40 per cent of 
methane and 0 to 1.0 per cent of hydrogen. The same authors state 
that in tests made at the Bureau of Mines experiment station in Pitts- 
burgh, Pa., the flue gases contained as high as 2.8 per cent of carbon 
monoxide and nearly 1.0 per cent each of hydrogen and methane. 
The author of this report has found as much as 1.00 per cent total 
methane, carbon monoxide, and hydrogen in flue gases from a boiler 
furnace that was purposely fired in an uneconomical manner. 

When coal burns on the grate of a boiler furnace the combustible 
part that is distilled consists principally of carbon monoxide, hydro- 
gen, and methane. In addition minute tar globules and tiny pieces 
of solid carbon and even small pieces of coal are given off. In the 2 
or 3 inches next the grate the carbon burns to CO,, which is decom- 
posed to CO as it passes through the upper layers of hot coal. The 
temperature above the fuel bed should be high enough and the air 
supply sufficient to burn these combustibles. If the temperature is 
not high enough and the combustion space not large enough, they 
are rapidly carried to a cool part of the furnace where they are cooled 
below their ignition temperatures. Similarly if the air (oxygen) 
supply is insufficient they escape unburned. 

It can be readily perceived that in a mine fire part of the com- 
bustible gases produced might remain unburned because they have 
opportunity to cool below their ignition temperatures before coming 
in contact with oxygen. 


PRODUCTION OF WATER GAS. 


Formation of any appreciable quantity of water gas during a 
mine fire is probably rare. Water gas is produced when incan- 
descent carbon combines with water vapor, forming hydrogen, 
carbon monoxide, and carbon dioxide. The principal reactions are 
represented by the following equations: 


H,O+C=CO+H, 
2H,0 +C=CO, + 2H, 
H,O +CO,=H,O+CO 


The composition of the gas obtained when a stream of superheated 
steam is passed through a bed of glowing carbon, as well as the 
quantity of steam decomposed in a given time, vary with the tem- 
perature, the rate of flow of the gas, and the kind of carbon used. 
At a temperature of 800° C. and with time of contact of 1.019 seconds, 
Clement and Adams? found that gas of the following composition 
was produced when steam was passed over hot coke: 


a Clement, J. K., Adams, L. H.,and Haskins, C. N., Essential factors in the formation of producer 
gas. Bull.7, Bureau of Mines, 1911, p. 41. 
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Composition of gas formed by passing steam over hot coke, temperature 800° C. 


Constituent. Per cent (dry gas), 
CO gsvcenS cesses acces heb ece Ses 3 ReSle Serbs s'ewainjelnsiarstas pakals aie’ He's 4.8 
OOsa saree esate dae qnsteganere wees obese sv eas decane sieoadges 34.4 
Wye sssccclebicons@eedsardesscds acces bcagst eae aes Geass 6 F666 S585 4S 42.5 


Under the same conditions but at a temperature of 1,300° C. gas 
of the following composition was produced: 


Composition of gas formed by passing steam over hot coke, temperature 1,300° C. 


Constituent. Per cent (dry gas). 
COB Si saat, tecigeeG WIT HES Se SEALS DeeanleD sel es we Oem set teks 0.3 
CO ls sec cscass tee Set Sasa weaie font ap aatiac antes nicekleaeee dooce 49.5 
gc sticisinis pas SN Se SNES NSauet ese baies ac clodasewant aise eestor eie’s 45.8 
OE, aca eases cciahidones te simivenadetiasngusss ps esareyewcsued 1.9 


Clement and Adams? quote from report of results of tests by 
Harries, who passed water vapor over charcoal and produced gas of 
the following composition: 


Composition of gas formed by passing water vapor over hot charcoal. 


Analysis of gas. 


Tem- Gas evo- 
lution per 
perature. | “S400 


md. | wy | co. | cos | H:0. | H. 


°C. Liters. 
674 -9 8.41 0. 63 3.84 pda iscsesgse 
758 1.8 22.28 2.67 9.23 | 65.82 |........ 
838 3.28 | 32.77 7.96 | 12.11 | 47.15 |......-. 


When water is thrown on red-hot coals some water gas is formed. 
But the water immediately has a cooling effect, and where it strikes the 
fuel the temperature is rapidly lowered to a point at which the 
water-gas reactions can not take place. The writers have no experi- 
mental evidence of the quantity of gas that might be produced, but 
feel certain that not enough could be formed to be of significance 
in producing an explosive atmosphere, or adding inflammable mate- 
rial to an atmosphere that might be already nearly explosive. 


GASES RESPONSIBLE FOR MINE-FIRE EXPLOSION PREVIOUSLY 
DESCRIBED. 


A review of the facts obtained in the study of the mine-fire explo- 
sion mentioned in the first part of this report and of the discussion 
of mine-fire gases clearly shows that carbon monoxide was in part 
responsible for the explosion. Appreciable proportions of the gas 
was found in different parts of the mine after the fire gases had been 
largely diluted with air. Hydrogen was not detected in appreciable 


6Clement, J. K., Adams, L. H., and Haskins, C. N., Op. cit., p. 52. 
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quantities. However, it was undoubtedly formed at the fire, but 
in quantities less than the carbon monoxide. 

The proportion of .methane did not rise at any time to a point 
indicating with certainty that large quantities were being produced 
by the fire. Methane was given off by the coal itself long after the 
fire was extinguished. However, the evidence is not convincing 
because no samples of gas were collected over the area of the fire 
during its hottest stages and those fire gases that were collected were 
largely diluted with air from other parts of the mine. A highly 
explosive mixture of combustible gases and air could have formed 
near the fire at its hottest stage and later when it was cooled the 
mixture could have been so greatly diluted with air, especially at 
points removed from the fire, that the combustible gases would be 
present in small proportion. 

Carbon monoxide is produced by destructive distillation, although 
in small proportions as compared to the methane and hydrogen. In 
much larger proportions it could be produced by the reduction of 
carbon dioxide by means of hot carbon, like the reaction in the gas 
producer, and this reaction was probably mainly responsible for the 
carbon monoxide produced. 

Methane from the coal seam also undoubtedly assisted in the 
explosion, but methane from this source could not have been wholly 
responsible because, as shown by many analyses, it does not rise to 
the explosive proportion. It seems that the two gases, carbon 
monoxide and methane, assisted by smaller amounts of hydrogen, 
were chiefly responsible. Part of the methane was produced by 
the fire. 


CHARACTER OF GAS SAMPLES OBTAINED FROM OTHER MINE- 
FIRE AREAS. 


SAMPLES FROM FIRE AREA OF ANTHRACITE MINE. 


Gas samples were obtained by the authors of this report from 
behind one of several dams that sealed a fire area in an anthracite 
mine. The dam was situated about 30 feet from the fire area. At 
the time the samples were collected air was slowly leaking through 
another dam and some of the products of combustion were reaching 
the point of sampling. As some of these products of combustion 
were leaking out through the dam, compressed air was used to make 
the atmosphere outside the dam respirable while the samples were 
being taken. The results of analyses of the samples follow: 
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Results of analyses of gas samples from a fire area in an anthracite mine.@ 


Constituents in sample. 
Date of Time of 


y, 

Sample No. sampling. | sampling. 
CO2. Or. co. CH. No. 

Per cent. | Per cent. | Per cent. | Per cent. | Per cent. 

Oct. 27,1910 | 5p. m..... 3.5 3 1.3 11.5 75.4 

v's 8 lo........| 12 p. m. 3.8 9.6 srs 13.1 72.8 

Oct. 28,1910 | 9.45 p. m 3.4 10.9 6 10.8 74.3 

s]et ccc cceces Bs eabes 3.4 11.3 6 10.3 74.4 

eaaed O....-...| 4.80 p.m 3.0 12.6 4 9.6 74.4 

Oct. 29,1910 | ll a, m.. 3.3 14.1 6 9.0 73.0 

4 mstaa 0........| 3.30 p.m. 4.1 13.6 8 12.0 69.5 

Oct. 30,1910 | 10.30 a.m 4.8 10.1 1.2 14.1 69.8 

TES GO..522850)8 Ps Mosc. 4.0 12.2 1.0 12.2 70.6 

Oct. 31,1910 | 6.30 a.m... 12.2 6.6 -4 6.6 74.2 


2 In all of the gas samples the proportion of hydrogen was less than 0.20 per cent. 


When sample 1 of the foregoing series was taken the fire was 
seemingly under control. Air commenced to leak into the area, how- 
ever, when the air current was forced through a near-by gangway 
while effort was being made to free a remote part of the mine from 
accumulated fire damp, black damp, etc., and in consequence, as shown 
by analysis, the oxygen in the atmosphere of the fire area increased. 
Simultaneously the carbon dioxide, carbon monoxide, and methane 
commenced to decrease as the accumulated products of combustion 
of the fire were diluted by the incoming air. The progressive change 
reached its maximum when sample 6 was taken. At this time the 
fire burst forth with increased intensity. The oxygen then dropped 
and carbon monoxide began to form in increased quantities. Efforts 
to tighten the stoppings inclosing the fire area were then commenced, 
but before these were made completely tight the air content of the 
area again increased, as is shown by the results of analysis of sample 
9. Finally, efforts at tightening the brattices were successful. The 
large proportion of carbon dioxide in sample 10 was due to the fact 
that carbon dioxide from a fire extinguisher had been forced into 
the area just before the sample was taken. 

In trying to determine from these analyses the composition of 
the atmosphere at the fire, one meets with difficulty because the 
products of combustion from the fire were diluted with air from 
other parts of the sealed inclosure, and, with methane given off from 
the coal, the methane would accumulate in an inclosed area whether 
fire was present or not. The analyses are accurate to about 0.20 
per cent. Hydrogen, although undoubtedly present, did not exist 
in proportions greater than 0.20 per cent. The oxygen diminution 
was undoubtedly principally due to absorption of same by the coal 
not on fire. Carbon dioxide in small proportions would have re- 
sulted from the action of oxygen on the coal at ordinary tempera- 
tures. It must be remembered, of course, that there was no fire in 
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a large part of the inclosed area, in which the temperature was 
probably not much higher than normal. 

The methane stands out as the explosive gas, and its presence is 
explained by the fact that it is normally given off in some mines. 
The carbon monoxide was probably principally produced in the same 
manner that it is formed in boiler furnaces when combustion becomes 
incomplete. In this case that it could have added materially to the 
methane in causing an explosive atmosphere may be assumed be- 
cause as much as 1.2 per cent was detected next to the stopping at 
a point 100 feet from the fire. It must be borne in mind, however, 
that at the fire (where the carbon monoxide was present in larger 
proportions and undoubtedly some hydrogen also present, although 
in smaller proportion than the carbon monoxide) the oxygen was 
also much lower than at the point of sampling, and a considerable 
dilution with air would have been necessary to produce an explosive 
mixture. Even at the point of sampling the atmosphere was ex- 
plosive probably at only part of the fire-fighting stage—when sam- 
ples 6 and 7 were taken. Experiments by the bureau's investiga- 
tors have shown that when the oxygen in a mixture diminishes to 
about 13.5 per cent an explosion can not occur.¢ With inrush of 
air to the seat of the fire in this particular case the products of com- 
bustion from the fire would be diluted to a large extent, hence the 
proportion of carbon monoxide (or hydrogen) would have to be 
large if, after dilution with air, enough were to be left to be of much 
significance in producing an explosive mixture. As regards methane, 
the proportion present at the seat of the fire was probably only little 
greater than that at the point of sampling behind the dam, for, as 
already stated, the methane present represented principally an accu- 
mulation of methane normally given off by the coal, and this accumu- 
lation should not have been greater in one part of an inclosed area 
of a mine than in another part. 

No explosion occurred during the fighting of this fire, probably 
because, as the methane and products of combustion accumulated 
at the seat of the fire, the oxygen diminished to a point so low that 
an explosion could not have taken place even if, after the smother- 
ing action due to low oxygen and falls of roof and débris, enough 
heat had still remained to cause an ignition of any explosive mixture 
that might have been present. 


SAMPLES FROM FIRE AREA OF MINE WORKING PITTSBURGH BED. 


Samples of gas were collected from behind stoppings that were 
built to seal off a fire close to the mouth of a drift mine working the 
Pittsburgh bed. The first sample was taken through a hole in a con- 


eClement, J. K., The influence of inert gases on inflammable gaseous mixtures: Tech, Paper 43, Bu- 
reau of Mines, 1913, 24 pp. 
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crete stopping, near the fire, one day after the mine had been sealed. 
The second and third samples were collected at the same place. 
Shortly after the third sample had been taken water that had been 
forced in rose so high inside the dam that more samples could not be 
collected. 


Results of analyses of gas samples from the sealed area of a burning mine. 


Constituents in gas. 
Dateof | Timeof 
Sample No. sampling.) sampling. 
CO O2 Co. CH, He. Ne 

1910. Per cent. | Per cent. | Per cent. | Per cent. | Percent. | Per cent, 

i : 9.14 1.83 1.32 3. 1.02 83. 09 

8.10 2.80 1.61 1,13 35 86. 01 

8.03 3.47 1.36 1,10 35 85. 69 


The following samples were collected from the same mine by in- 
serting a tube in a small hole driven through the thin roof covering 
the main heading near the mine mouth. The samples thus col- 
lected represent gases from a hot part of the burning section. 


Results of analyses of gas samples from hot part of sealed area in a burning mine. 


Constituents in gas. 
Date of | Timeof 
SampleNo. —_|sampling.| sampling. 
COs Oa co. CH, Hy No 
1910. Per cent. | Per cent. | Per cent.| Per cent. | Per cent. | Per cent. 
Deavsessssnedsesspoe May 22 | 7.35 p. m.. 6.07 1,69 1.58 3.37 1.37 83. 90 
Ee eee eel May 23 | 1.00p.m.. 8.03 3.13 1.25 1.14 29 86. 16 
Bvscsticdaavetvesacts May 24 | 8.00a.m.. 8.14 3.00 141 1.21 35 85. 89 


Samples were taken from behind another stopping, which was 
situated about 2,000 feet away from the burning section, by boring 
a 4-inch hole in the wooden brattice and drawing the gas into the 
sample container with a small air pump. Later, investigators wear- 
ing breathing apparatus entered the mine at this place and obtained 
three samples of air at points approximately 200, 600, and 800 feet 
inward from the stopping. Samples could not be collected farther 
in than 800 feet because of the heavy pall of smoke encountered. 
The results of analyses of the samples are as follows: 


Results of analyses of gas samples from remote parts of sealed area in a burning mine. 


Constituents in gas. 
Papel Point of sampling. 
COs. Oo co. CHy. Hg. Nz. 
Per cent.| Per cent. | Per cent. | Per cent.| Per cent. | Per cent. 
Cee Through stopping............- 3.47 13. 65 0, 60 LOL}. O18 81.09 
2. .--] 200 feet beyond stopping....... 3. 88 11.71 75 1,32 24 82.10 
3. .--| 600 feet beyond stopping....... 4.81 9.47 80 1.78 20 82.94 
. ere eee 800 feet beyond stopping......- 5.33 9. 38 1.02 1.13 48 82. 66 
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The samples represented in the foregoing tabulations were taken 
directly from the fire area. Even so, the products of combustion, 
the carbon monoxide and hydrogen, are comparatively small. This 
is undoubtedly due to the fact that the temperature was scarcely high 
enough either for destructive distillation of the coal or for reduction 
of carbon dioxide by the hot carbon of the coal. The mine itself is 
a drift mine with a comparatively thin cover and is considered to be 
normally nongaseous; hence there did not accumulate enough 
methane to produce an explosive mixture. Neither would the sum 
total of all three combustible gases scarcely produce an explosive 
mixture even if enough oxygen was present to produce one. The 
data given on page 13 of this report indicate that when 3.65 per cent 
of methane was present there was required 4.98 per cent of carbon 
monoxide to produce an explosive mixture. This theoretical mixture 
can be compared to the composition of sample 1, as given on page 27. 
The sample contained 3.60 per cent of methane, also 2.34 per cent of 
hydrogen and carbon monoxide a mixture that is not explosive. It 
will also be observed that the oxygen content was low, owing to 
absorption of the oxygen by the coal and by the fire, so that an 
explosion could not have followed even if an explosive proportion of 
combustible gases had been present. 


SAMPLES FROM FIRE AREA OF BITUMINOUS MINE. 


The table following gives the composition of samples taken from 
behind a stopping erected to seal a fire in a bituminous coal mine in 
Pennsylvania. The samples were collected four days after the 
sealing of the fire. 


Results of analyses of samples of gas from sealed area in a burning bituminous coal mine. 


Constituents in gas. 
= Date of | Time of 
Sample No. sam- | sampling. 
pling. CO.. Os. co, CHy. | Nz. 

1911. Per cent. | Percent. | Per cent. | Per cent. | Per cent. 

Nov. 20 | 1.30 p.m.. 4.8 1.6 0.6 (a) Janeen a eciee 

...do...| 4.30 p. m.. 4.8 1.6 .6 (2). Vesssacecss 

Noy. 21 | 7.45a.m.. 5.87 1.43 1,42 22,27 69.01 

Nov. 22 | 11.45 a.m 5. 34 1.02 1.03 24.45 67. 

Nov, 23 | 3.20 p.m.. 5. 61 DS22) | wneiea 2 ade 21) I ees 

Noy. 27 | 9.054. m.. 5.22 97 1.17 30. 86 | 61.73 


The mine wherein the above samples were collected is highly 
gaseous, the high percentage of methane in the samples being due to 
the normal accumulation of methane in the mine and not to the fire. 
A little carbon monoxide was found behind the seal. The proportion 
actually in the atmosphere at the fire area was, of course, greater 
than that present behind the seal. The absence of appreciable pro- 
portions of hydrogen is again noticeable. 
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RESUME. 


Although the methane that makes a mine gaseous is largely respon- 
sible for explosions that take place when ventilation is stopped 
during a mine fire, in the fire mentioned the inflammable gases— 
carbon monoxide, methane, and hydrogen—produced by the fire itself 
were largely responsible. 

Methane is the most dangerous gas as regards low limit of explosi- 
bility, whereas carbon monoxide and hydrogen are especially danger- 
ous because of their wide explosive ranges. 

Heat reactions between coal and air may be studied by comparing 
mine-fire combustion processes with those in gas producers, gas 
retorts, and boiler furnaces. 

In the destructive distillation of coal large amounts of hydrogen, 
carbon monoxide, and the paraffin hydrocarbons (principally me- 
thane) areformed. At temperatures between 339° and 1,100° C. the 
proportions may vary—for methane, between 2.50 and 71 per cent; 
for carbon monoxide, between 2.0 and 16.0 per cent; and for hydrogen, 
between 0 and 73.0 per cent. At low temperatures the proportions 
of hydrogen and carbon monoxide formed are lower than the pro- 
portion of methane, hence in low-temperature distillation in mine 
fires the principal danger is from methane. As regards a mine fire 
that has been burning for some time, it is probable that when the 
oxygen of the air has been so depleted that products of destructive 
distillation appear the embers will have cooled to a point where the 
low-temperature products are given off in largest quantity. 

Carbon monoxide formed by the reducing action of hot carbon 
on carbon dioxide is a highly important agent in some mine-fire 
explosions. 

It is probable that water gas (carbon monoxide and hydrogen), 
produced by the action of steam on hot carbon, plays a relatively 
unimportant réle in causing mine-fire explosions. 
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Limited editions of the following Bureau of Mines publications are 
temporarily available for free distribution. Requests for all publica- 
tions can not be granted, and applicants should select only those 
publications that are of especial interest to them. All requests for 
publications should be addressed to the Director, Bureau of Mines, 
Washington, D. C. 


Bu.ietin 20. The explosibility of coal dust, by G. 8. Rice, with chapters by 
J.C. W. Frazer, Axel Larsen, Frank Haas, and Carl Scholz. 204 pp., 14 pls., 28 figs. 

Bu.etin 42. The sampling and examination of mine gases and natural gas, by 
G. A. Burrell and F. M. Seibert. 1913. 116 pp., 2 pls., 23 figs. 

Buuvetin 46, An investigation of explosion-proof mine motors, by H. H. Clark. 
1912. 44 pp., 6 pls., 14 figs. 

Buttetin 50. A laboratory study of the inflammability of coal dust, by J. C. W. 
Frazer, E. J. Hoffman, and L. A. Scholl, jr. 1913. 60 pp., 95 figs. 

Butvetin 52. Ignition of mine gases by the filaments of incandescent electric lamps, 
by H. H. Clark and L. C. Ilsley. 1913. 31 pp., 6 pls., 2 figs. 

Buuietin 56. First series of coal-dust explosion tests in the experimental mine, 
by G.S. Rice, L. M. Jones, J. K. Clement, and W. L. Egy. 1913. 115 pp., 12 pls., 
28 figs. 

Bu..etin 68. Electric switches for use in gaseous mines, by H. H. Clark and R. W. 
Crocker. 1913. 40 pp., 6 pls. 

Bu.ietin 69. Coal-mine accidents in the United States and foreign countries, 
compiled by F. W. Horton. 1913. 102 pp., 3 pls., 40 figs. 

Bu.uetin 72. Occurrence of explosive gases in coal mines, by N. H. Darton. 1915. 
248 pp., 7 pls., 33 figs. 

TECHNICAL Parer 11. The use of mice and birds for detecting carbon monoxide 
after mine fires and explosions, by G. A. Burrell. 1912. 15 pp. 

TeEcHNICAL Paper 13. Gas analysis as an aid in fighting mine fires, by G. A. Bur- 
rell and F. M. Seibert. 1912. 16 pp., 1 fig. 

TECHNICAL Paper 14. Apparatus for gas-analysis laboratories at coal mines, by 
G. A. Burrell and F. M. Seibert. 1913. 24 pp., 7 figs. 

TecHNICAL PareR 21. The prevention of mine explosions, report and recommen- 
dations, by Victor Watteyne, Carl Meissner, and Arthur Desborough. 12 pp. Re- 
print of United States Geological Survey Bulletin 369. 

TECHNICAL Paper 28, Ignition of mine gas by standard incandescent lamps, by 
H.H. Clark. 1912. 6 pp. 

TECHNICAL Paper 29. Training with mine-rescue breathing apparatus, by J. W. 
Paul. 1912. 16 pp. 

TECHNICAL Parer 39. The inflammable gases in mine air, by G. A. Burrell and 
F.M. Seibert. 1913. 24 pp., 2 figs. 

TecHNICAL Parer 43. The effect of inert gases on inflammable gaseous mixtures, 
by J. K. Clement. 1913. 24 pp., 1 pl., 8 figs. 

TECHNICAL Paper 44. Safety electric switches for mines, by H. H. Clark. 1913. 
8 pp. 

TecHNicaL Paper 47. Portable electric mine lamps, by H. H. Clark. 1913. 
13 pp. 
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TrecHNIcAL Paper 48. Coal-mine accidents in the United States, 1896-1912, with 
monthly statistics for 1912, compiled by F. W. Horton. 1913. 74 pp., 10 figs. 

TecunicaL Paper 75. Permissible electric lamps for miners, by H. H. Clark. 
1914. 21 pp., 3 figs. 

TECHNICAL Paper 77. Report of the Committee on Resuscitation from Mine Gases, 
by W. B. Cannon, George W. Crile, Joseph Erlanger, Yandell Henderson, and S8. T. 
Meltzer. 1914. 36 pp., 4 figs. 

Miners’ Crrcu.ar 7. Use and misuse of explosives in coal mining, by J. J Rut- 
ledge. 1914. 51 pp., 8 figs. 

Miners’ Crecutar 8. First-aid instructions for miners, by M. W. Glasgow, W. A. 
Raudenbush, and C. O. Roberts. 1913. 67 pp., 51 figs. 

Miners’ Crrcutar 12. Use and care of miners’ safety lamps, by J. W. Paul. 1913. 
16 pp., 4 figs. 

Miners’ Crrcutar 18. Safety in tunneling, by D. W. Brunton and J. A. Davis, 
1913. 19 pp. 

Miners’ Crrcurar 14. Gases found in coal mines, by G. A. Burrell and F. M. 
Seibert. 1914. 23 pp. 

Mrvers’ Crrcutar 15. Rules for mine-rescue and first-aid field contests, by J. W. 
Paul. 1913. 12 pp. 

Mrvers’ Circutar 16. Hints on coal-mine ventilation, by J. J. Rutledge. 1914. 
22 pp. 

Miners’ Crrcutar 21. What a miner can do to prevent explosions of gas and coal 
dust, by G.S. Rice. 1915. 24 pp. 
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